Abstract Theory predicts that because males are more variable in reproductive success than females, a mother should produce more sons to maximize fitness return from the sex allocation if she is of high-quality (the female quality hypothesis) or mates with a high-quality male (the male quality hypothesis). While most previous studies have looked at each hypothesis, we tested both of them simultaneously in the white-rumped snowfinch Montifringilla taczanowskii, a socially monogamous, sexually monomorphic passerine where body size is a potential indicator of individual quality in intrasexual competition and territory defense. Brood sex ratios at the population level did not deviate from random expectation. Among individual broods, the proportion of sons did not depend on body size of either male or female parent, but on interaction of this trait of both parents. Further analyses revealed that brood sex ratios were independent of body size of male or female parents when their mates were smaller, but positively related with body size of male or female parents when their mates were larger. These results suggest that mechanisms underlying the two hypotheses may act jointly on offspring sex allocation. The mechanisms are expected to evolve through size-assortative mating which is often reached by sexual selection [Current Zoology 59 (2): 271−277, 2013].
Ever since Trivers and Willard (1973) , many evolutionary ecologists have attempted to investigate whether, how and why female birds are able to adaptively allocate the sex of their offspring (West, 2009 ). Relying on a basic premise that sons may be highly variable in reproductive success due to prevalence of polygynous or extra-pair mating among populations, whereas daughters usually experience lower risks of gaining no mates, several hypotheses have been proposed to address this issue. Of these, the female and the male quality hypotheses are two most influential. The former predicts that mothers in good condition would overproduce sons to obtain greater fitness returns providing that good condition is transferred to the offspring, while mothers in poor condition would give rise to more daughters to minimize the risk of reduced fitness (Trivers and Willard, 1973) . The latter suggests that females mated to high-quality and thus sexually-attractive males will benefit from yielding more sons, since the sons may inherit their father's traits and reach a greater success in social and extra-pair mating (Burley, 1981) . However, while some empirical data support the female quality (Nager et al., 1999; Heg et al., 2000; Whittingham et al., 2002; Parker, 2002) or male quality hypotheses (Ellegren et al., 1996; Sheldon et al., 1999; Rutstein et al., 2005; Du and Lu, 2010; Zielińska et al., 2010) , some others provided no evidence for either (the female quality: Genovart et al., 2005 ; the male quality: Saino et al., 1999; Dreiss et al., 2006) .
In birds, males and females can mate assortatively with respect to various quality-related phenotypes such as body size (Olsen et al., 1998; Tryjanowski and Simek, 2005) , ornament size (Jawor et al., 2003) , age or breeding experience (Cézilly et al., 1997; Ludwig and Becker, 2008; Taff et al., 2011) . Sexual selection, which may act through either male-male competition (intrasexual selection), female or male choice (intersexual selection), or a combination of these mechanisms, has been appreciated the major contributor to formation of the mating pattern of many taxa (Crespi, 1989) . The non-random mating is evolutionarily important because different combinations of males and females with specific traits may have different fitness consequences. It has well been known that the mated pairs consisting of both high-quality males and females enjoy an enhanced reproductive success by many ways (Andersson, 1994) .
Given that manipulation of offspring sex ratio through the potential mechanisms associated with quality of either female or male parents is a fundamental part of successful reproductive strategies, we expect that the size-assortative mating can generate fitness benefits in terms of offspring sex allocation. In other words, the two hypotheses of adaptive sex allocation may operate simultaneously or they would be effective only when individual quality of both parents is combined. However, most previous empirical tests for theory only focused on one of the two mechanisms, and to our knowledge, only two studies of sex ratio manipulation have simultaneously taken traits of both parents into account (Dowling and Mulder, 2006; Addison et al., 2008) .
Here we examine variation in offspring sex ratio for a socially monogamous, sexually size-monomorphic passerine, the white-rumped snowfinches Montifringilla taczanowskii. Although the birds are sexually size monomorphic, body size should still be important for individual quality because there is individual variation in this trait for each sex. Moreover, during the breeding season, both male and female snowfinches are frequently engaged in direct aggressive interactions including physical flights in which larger body sizes could be advantageous (Zeng, 2008) . We correlate brood sex ratio not only with parental body condition ⎯ a quality indicator depending more on current ecological regimes (Moya-Laraño et al., 2008) , but also with parental structural size ⎯ a quality indicator that signifies more genetic components (Kölliker et al., 1999; Blanchard et al., 2007) . Specifically, we test the predictions that females with better condition or larger size would produce male-biased broods when they mate to a better-conditioned or larger male.
Materials and Methods

Field data collection
White-rumped snowfinches were studied during the breeding seasons of 2006 and 2007 at Gahai Natural Reserve (34°14′N, 102°20′E, 3450-3800 m elevation), in the northeastern Tibetan Plateau. Our previous work at this site (Zeng and Lu, 2009a, b) has shown that the birds nest in the burrows of the black-lipped pika Ochotona curzoniae, with a density of 0.13−0.17 nests per ha within the study area. Both male and female snowfinches reach sexual maturity at the second year after hatching. Mating system is socially monogamous. Males establish territories (size 0.1−0.5 ha) and guard their mates strongly from pair formation through egg-laying period; paired females participate in territory defense. Egg-laying occurs between late April and early June. Clutch size averages 4.7 (2−6). Some pairs (9%, n = 147) make two breeding attempts in a single year. There is no evidence that a pair produce a replacement clutch if nesting failure occurs during the middle of breeding period. Nest-building, incubation (lasting 13 days on average) and brooding are undertaken by females only, and both parents share young caring (21 days on average). Males do not feed their mates that are engaged in incubating or brooding.
We searched snowfinch nests within a 390-ha plot covered with alpine meadow throughout the breeding season every year. The snowfinch species is present in the study area year round. There was 71% of 24 breeding males and 50% of 30 breeding females marked in 2006 summer in the study plot were rediscovered in 2007 early spring. Of these resighted individuals, only 4% males and 10% females had nests located within the study plot and all of them remated. Young recruitment rates from 2006 to 2007 were 21% for males (n = 61) and 16% for females (n = 43), with 13% in males and 14% in females being found to nest within the plot.
We mist-netted adult females at the entrance of nesting burrows during the incubation period and adult males during the nestling period. It was difficult to check the nest contents that were inside the pika burrows. Therefore we captured nestlings by hand or mistnet when they received food from parents at the nesting burrow entrances shortly before fledging. As a result, this study only focused on brood sex ratio at fledging. Offspring sex ratios can be influenced by sex-specific mortality rates of nestlings. However, such effect was minor in this study because the snowfich nestlings reared in burrows experienced little brood reduction (Lu et al., 2009; Zeng and Lu, 2009b) .
For each individual, we measured body mass (with an electronic balance, to the nearest 0.1 g) and linear dimension (body length, beak length, tail length, wing length and tarsus length, with a calipers, to nearest 0.05 mm; Sutherland et al., 2004) . A blood sample (10−20 µl) was taken from the femur vein of each individual, collected in a capillary tube and transferred to a tube containing 100 μl anticoagulant (5% EDTA in Sodium Chloride Physiological Solution) and 1 ml ethanol (95%) for preservation.
Molecular sexing
We sexed the birds using two primer-pairs of P2 ⁄ P8 (Griffiths et al., 1996) and 2550F ⁄ 2718R (Fridolfsson and Ellegren, 1999) . DNA was extracted from blood samples following the protocol of a DNA mini kit (SBS Genetech Co., Beijing). PCR reaction conditions (total volume = 10 μL) were conducted as follows: 1× PCR buffer (50 mM KCl; 10 mM Tris-HCl pH 9.0; 0.1% Triton X-100), 1.6 mM MgCl 2 , 200 μM of each dNTP, 125 nM of each primer and 0.5 U of Taq DNA polymerase. Minimum 100 pg of genomic DNA was used as template. The initial denaturing was step at 95°C for 4 min, followed by 35−40 cycles of 51°C for 30 s, 72°C for 30 s and 95°C for 30 s; a final run of 51°C for 5 min and 72°C for 10 min. The products were run out on a 6% non-denaturing polyacrylamide gel stained with silver. Gels were scored as males having a single band and females having two bands. The method was demonstrated to be valid based on known-sex adult snowfinches.
Statistics
We sampled young from 62 broods (2006, 30; 2007, 32) produced by 51 different snowfinch pairs, including 11 pairs that had a second brood during a single season. To avoid non-dependence of the samples, these second broods were excluded from analysis unless specified. Among the remaining 51 broods, there were 42 (including 33 single-brooded pairs and 9 double-brooded pairs) for which we had full data on both parents and all their nestlings. In the dataset, only one male and three females marked in 2006 breeding season were present as breeders in 2007 breeding season. Because all these rediscovered individuals paired with a novel mate so that our dataset included no brood that was produced by the same pairs across years. Therefore, to increase statistical power we did not use mixed models. We fitted a series of general linear models, with number of sons as in a brood as the dependent variable, and body mass of female parent, body mass of male parent, structural size of female parent, structural size of male parent, brood size, number of broods a pair produced during a breeding season, year and breeding start date as the potential explanatory variables. We did not use the residual of an ordinary least squares regression of body mass on tarsus length of an individual as a measure of its body condition because the two traits were uncorrelated. Structural size of a breeder was measured used factor scores extracted from the first principal component for the five linear measurements (accounting for 30.3% and 34.6% of total variance for females for males, respectively). The variables with greatest factor loadings on this component were body length for females (0.84) and body length (0.72) and tail length (0.85) for males. No correlation was evident between body mass and structural size for female (r = −0.05, P = 0.74) and male breeders (r = −0.18, P = 0.26), suggesting them to act independently. Breeding start date was estimated as the time of first egg relative to 17 April, the earliest recorded egg-laying date in the snowfinch population.
Akaike's information theory approach is a general method for choosing the best number of parameters to include in a model (Burnham and Anderson, 2002 ). Akaike's information criterion (AIC) was calculated with the formula: AIC = nln(RRS/n) + 2K, where n is the number of data points, ln is the natural logarithm, RSS is the residual sums of squares of the candidate model, K is the number of parameters in the model. If n/K < 40, AIC requires a bias-adjustment: AIC c = AIC + (2K(K+1))/(n-K-1). We ranked relative support for each competing model by comparing the value of a model (AIC ci ) with that of he best approximating model (AIC min ): ΔAIC c = AIC ci -AIC min . As a rule of thumb, ΔAIC c < 2 indicates that the models have similar support, and ΔAIC c > 2 indicates that the models have considerably less support. We further evaluated the relative likelihoods of each model given the data using weights (W AIC ): W AIC = exp(−0.5ΔAIC c )/∑ i=1 exp(−0.5ΔAIC ci ).
All analyses were performed using SPSS 16.0 (SPSS Inc., Chicago, IL, U.S.A.). Significance is two tailed and values are expressed as mean ± SE.
Results
Among 148 nestlings produced from 42 broods, 81 were males and 67 females, not significantly biased to any one sex (goodness-of-fit test, χ 2 = 1.32, df = 1, P = 0.25). With nests as the unit of analysis rather than individuals, the average sex ratio of all 42 broods was 0.57 ± 0.02, again not deviating significantly from 0.50 (one-sample t test: t = 1.74, df = 41, P = 0.09). It was the case for data from 2006 (0.63 ± 0.06, n = 16 broods, 34 males and 21 females; t = 1.97, df = 15, P = 0.07) and 2007 (0.54 ± 0.06, n = 26 broods, 47 males and 46 females; t = 0.42, df = 25, P = 0.46). No significant difference was detected between years (independent-samples t test: t = 0.97, df = 40, P = 0.34). For the 9 double-brooded pairs, the sex ratios of offspring of both the first and second broods were not significantly biased to 0.50 (first brood: 0.63 ± 0.09, t = 1.44, df = 8, P = 0.19; second broods: 0.48 ± 0.11, t = 0.18, df = 8, P = 0.86), with no difference between two types of brood (paired-samples t test: t = 1.14, df = 8, P = 0.29).
Out of the 9 priori candidate models tested for offspring sex ratio in relation to potential explanatory variables, the model 6 had lowest AICc, which had a difference of more than 2 from 8 other models (Table 1 ). In the model, only brood size and female × male structural size interaction were significant predictors of brood sex ratio (Table 2) . To better understand this interaction, female and male parents were divided according to their structure size into smaller and larger, and then tests were made for correlations between brood sex ratio and the size of their mates in either case. The production of sons by a smaller female was independent of body size of her mate (r = −0.40, n = 21, P = 0.08); however, a positive effect of male body size on number of sons in a brood existed for males paired to large females (r = 0.45, n = 21, P = 0.04; Fig. 1A) . In contrast, when male parents were smaller, brood sex ratios did not covary with body size of their mates (r = −0.30, n = 21, P = 0.19), but significantly favored to sons if fathers had larger body size (r = 0.56, n = 21, P = 0.01; Fig. 1B) . Table 1 2. Y = a +λ 1 X 1 + λ 2 X 2 + λ 3 X 3 + λ 4 X 4 + λ 5 X 5 + λ 6 X 6 6.59 3.78 0.061 3. Y = a +λ 1 X 1 + λ 2 X 2 + λ 3 X 3 + λ 4 X 4 + λ 5 X 5 + λ 6 X 6 + λ 7 X 7 9.66 6.85 0.009 4. Y = a +λ 1 X 1 + λ 2 X 2 + λ 3 X 3 + λ 4 X 4 + λ 5 X 5 + λ 6 X 6 + λ 7 X 7 + λ 8 X 8 13.08 10.27 0.001 5. Y = a +λ 1 X 1 + λ 2 X 2 + λ 3 X 3 + λ 4 X 4 + λ 5 X 5 + λ 6 X 6 + λ 10 X 5 X 6 5.96 3.15 0.038
6. Y = a +λ 1 X 1 + λ 2 X 2 + λ 3 X 3 + λ 4 X 4 + λ 7 X 7 + λ 8 X 8 + λ 10 X 7 X 8 2.81 0 0.154 7. Y = a +λ 1 X 1 + λ 2 X 2 + λ 3 X 3 + λ 4 X 4 + λ 5 X 5 + λ 6 X 6 + λ 7 X 7 + λ 8 X 8 + λ 9 X 5 X 6 12.50 9.69 0.001 8. Y = a +λ 1 X 1 + λ 2 X 2 + λ 3 X 3 + λ 4 X 4 + λ 5 X 5 + λ 6 X 6 + λ 7 X 7 + λ 8 X 8 + λ 9 X 7 X 8 8.16 5.35 0.008 9. Y = a +λ 1 X 1 + λ 2 X 2 + λ 3 X 3 + λ 4 X 4 + λ 5 X 5 + λ 6 X 6 + λ 7 X 7 + λ 8 X 8 + λ 9 X 5 X 6 + λ 10 X 7 X 8 12.07 9.27 0.001
The best model is the one with the lowest AIC c . Relative support for a given model is measured by ΔAIC c, and the probability that a given model provides the best fit of those tested by W AIC . The terms female and male parent structural size remained in the model because they were part of a significant interaction. There was a significantly positive relationship in structural size between females and males of a mated pair (r = 0.33, n = 42, P = 0.03), whereas such a relationship was significantly negative in body mass (r = −0.37, n = 42, P = 0.02). In particular, although failing to reach significant levels, the correlation between structural size of both sexes was negative when females were smaller (r = −0.30, n = 21, P = 0.22), and the opposite was true when females were larger (r = 0.35, n = 21, P = 0.12; Fig. 2 ).
Fig. 2 A relationship between structural sizes of mated males and females
The relationship tended to be negative when females were smaller (grey circles, n = 21) and positive when females were larger (black circles, n = 21)
Discussion
The white-rumped snowfinches are a socially-monogamous bird. During the breeding season, male snowfinches strongly guard their mates through territorial defense and mate proximity (Zeng and Lu, 2009a, b) . This indicates a high probability of extra-pair paternity (Griffith et al., 2002) , and thus potentially high variance in reproductive success among males, a selective pressure that promotes adaptive sex allocation. The current research fail to find the role of parental body mass in offspring sex allocation of the white-rumped snowfinches, and it also reveals that offspring sex ratios did not depend on structural size of either parent. However, the results show that body size of both parents combine to affect brood sex ratios: increased production of sons in association with a larger parent occurred only when his or her mate was larger as well; when either female or male parents were smaller, they would not adjust the sex of offspring according to body size of their mates.
These findings should be consistent with predictions jointly by the female quality (Trivers and Willard, 1973) and the male attractiveness hypotheses (Ellegren et al., 1996; Sheldon et al., 1999) . In the two earlier studies that attempted to test the two hypotheses simultaneously, the authors did not include interaction of maternal and paternal traits into analysis (Dowling and Mulder, 2006; Addison et al., 2008) . Consequently, they only demonstrated the role of phenotypic traits of each parent as a single variable in sex allocation. For the snowfinches, it was possible that females would adaptively produce more sons only when their own and mates both were in high quality, i.e. an additive mechanism.
Structural size in the white-rumped snowfinches should be a good phenotypic indicator of male attractiveness because during mating courtship, two males often perform face-to-face posturing behaviors or direct physical fighting in front of females. It could also sign dominance of females, which, like males, often engage in aggressive interactions during territorial defense through posturing behaviors (Zeng, 2008) . Body structural attributes are more likely to have a genetic basis and to be heritable as reported in a variety of bird species (e.g. Marzluff and Balda, 1988; Merilä and Fry, 1998; Kölliker et al., 1999; Barbraud, 2000) . Body mass as an indicator of the current energy reserves often relies strongly on breeding status and ecological environments (Moya-Laraño et al., 2008) , and is unrelated with structural size in our study species. In its initial version, the female quality hypothesis suggested that body condition should be the predictor of offspring sex ratio for species with sexual size dimorphism because the mothers in good condition would be able to afford the increased investment in producing and rearing the large and thus energy-demanded sex (Trivers and Willard, 1973) . This could explain why parental body mass did not arise as a significant predictor of offspring sex ratio in the study species with no sexual size dimorphism.
In the snowfinches, the joint effect of body size of both male and female parents on brood sex ratios should have an association with a size-assotiative mating. The non-random mating pattern may result from sexual selection by either females or males for the opposite sex. While female choice according to male-male competition has been treated as a major form of sexual selection, there is a growing body of empirical studies demonstrating male mating preferences in species with conventional sex roles (Amundsen, 2000; Rosvall, 2011) . The quality of mates may be more important for a male's success in monogamous species, in contrast to polygynous species where male success depends largely on the number of mates. Being choosy, either sex would improve its fitness through yielding more, or high-quality offspring. Møller (1991) showed that in the sociallymonogamous swallow Hirundo rustica, preferred males obtain mates of high phenotypic quality and thus a fitness benefit in terms of breeding date and offspring number. In the study species, the benefit could lie in the overproduction of sons that have a potential advantage in future mating success.
In conclusion, this study shows that both maternal and paternal factors interact to affect sex allocation in the white-rumped snowfinch, suggesting that females may manipulate offspring sex according to their own and their mate quality. It seems that no previous study of birds has reported the additive effect of both parental attributes on offspring sex allocation. We propose that the fitness benefits of sex manipulation resulting from the mechanism may be one of the drivers of the evolution sexual selection, in which larger males and females tend to mate each other through intrasexual competition and intersexual choice. We acknowledge that conclusions based on our results should be viewed with caution because of our relatively small sample sizes. More evidence is needed for the white-rumped snowfinch and other species of birds.
